Connectivity mapping based on resting-state fMRI is rapidly developing, and this methodology has great potential for clinical applications. However, before resting-state fMRI can be applied for diagnosis, prognosis, and monitoring treatment for an individual patient with neurologic or psychiatric diseases, it is essential to assess its long-term reproducibility and betweensubject variations among healthy individuals. The purpose of the study was to quantify the long-term test-retest reproducibility of ICN measures derived from resting-state fMRI and to assess the between-subject variation of ICN measures across the whole brain.
I
n contrast to conventional fMRI, which maps brain activity associated with an experimental paradigm, resting-state fMRI can identify the intrinsic organization of the brain without requiring subjects to perform explicit tasks. 1 In restingstate fMRI studies, the spontaneous low-frequency (Ͻ0.1 Hz) fluctuations in fMRI signals, which are temporally coherent among functionally connected brain regions, 2 are characterized to map the ICNs of the brain. Researchers have identified ICNs associated with sensorimotor, 2 auditory, 3 visual, 3, 4 default mode, 5, 6 attention, 7 and executive control 8 functions among others.
Because a subject's active participation in performing specific tasks is not required, resting-state fMRI is well-suited for patient studies. 9 Several recent studies have demonstrated that patterns of ICNs are significantly different between individuals with and without neuropathologic conditions. 9 For example, mapping of ICNs at the group level has shown abnormal connectivity patterns related to dementia, 10, 11 epilepsy, 12, 13 autism, 14, 15 and schizophrenia. 16, 17 However, it remains unclear whether the ICN measures derived from an individual have practical clinical uses. It is essential to understand the long-term test-retest reproducibility of ICN measures for an individual person before the ICN mapping can be reliably used as a biomarker indicative of disease progression and treatment efficacy. It is also of great importance to understand the between-subject variation of ICN measures in healthy volunteers before considering whether resting-state fMRI can supplement the diagnosis in patients with neurologic or psychiatric diseases.
Although information regarding the reproducibility of resting-state-fMRI-based ICN measures during a short interval is available, [18] [19] [20] [21] [22] [23] [24] research on the long-term reproducibility-that is, time intervals matching those of a clinical trial-has been sparse. 23 In addition, little is known about the between-subject variability of quantitative ICN measures in healthy controls. Finally, although most ICNs have been consistently identified across studies, the reproducibility in terms of the connectivity strength has rarely been quantified. 23 In the present study, we aim to assess the long-term test-retest reproducibility of quantitative connectivity measures derived from resting-state fMRI for individual subjects and to assess the between-subject variation in healthy volunteers of functional connectivity strength between every pair of major network nodes in the brain (including those of the DMN).
Materials and Methods

Participants
This is a retrospective study of 8 right-handed subjects who participated in a longitudinal study on fMRI measurements. Data from 2 subjects were not included in this article because 1 of the subjects relocated after 5 scan sessions and was unable to complete the rest; and MR imaging data from another subject were corrupted due to computer failure. Data from the remaining 6 subjects (5 men and 1 woman), 21-46 years of age (mean, 30.33 Ϯ 8.64) were used in our analysis to assess the resting-state fMRI reproducibility. The subjects had no neurologic, psychiatric, sensory, or motor illness by history. Participants gave written informed consent for a protocol approved by the institutional review board of Brigham and Women's Hospital.
Data Acquisition
All experiments were performed by using a 1.5T clinical MR imaging scanner (Signa CNV, GE Healthcare, Milwaukee, Wisconsin). The resting-state fMRI data were acquired while the subjects were instructed to keep their eyes closed, relax, and remain still. Each subject was scanned at 9 separate sessions (range, 21-133 days; mean intersession duration, 54.3 Ϯ 24.1 days), spanning more than a 1-year period (range, 384 -554 days; mean, 463 Ϯ 58.4 days).
In resting-state fMRI scans, T2*-weighted gradient-echo EPI data covering the whole brain were acquired with the following imaging parameters: TR ϭ 2.5 seconds, TE ϭ 50 msec, flip angle ϭ 90°, inplane matrix size ϭ 64 ϫ 64, FOV ϭ 24 ϫ 24 cm, section thickness ϭ 6 mm (no gap), and number of axial sections ϭ 24. The duration of the resting-state fMRI scan was 4 minutes 30 seconds (excluding dummy scans), and 108 time points were acquired.
Data Preprocessing
The acquired fMRI data were processed by using tools provided by the fMRI of the Brain Software Library (http://www.fmrib.ox.ac.uk/fsl) 25 and were customized using Matlab codes developed in-house (MathWorks, Natick, Massachusetts). The functional images from each participant were realigned with respect to the first set of images to minimize the effects of head movements during data acquisition. After realignment, a bandpass filter (between 0.001 and 0.1 Hz) was used to filter the fMRI data in the time dimension, a common practice in resting-state fMRI studies. The aligned and filtered images (without spatial smoothing) were then normalized to the Montreal Neurologic Institute 152 template by using a 12-df affine transformation.
DMN Connectivity Analysis
We first evaluated the reproducibility of the connectivity strengths among 16 major nodes of the DMN, an ICN that is highly active during the resting state 6 and is involved in disorders such as epilepsy, 12,13 dementia, 11, 26 and schizophrenia and affective disorders. 27 As illustrated in Fig 1A, Fig 1A and were based on previously reported studies.
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A cubic region of interest (1.2 ϫ 1.2 ϫ 1.2 cm, centered at the node coordinates) was constructed for each of the DMN nodes. fMRI signals from all voxels inside a region of interest were averaged to generate a region-of-interest-specific time course profile. The Pearson correlation coefficients were computed between each pair of the DMN nodes, yielding 16 ϫ 16 correlation coefficients for each participant in each session. These coefficients were stored in a 16 ϫ 16 matrix with only 120 [ie, (16 ϫ 15)/2] unique elements, with each element reflecting the quantitative connectivity strength between 2 brain regions. For further statistical analysis, a Fisher r-to-z transformation [ie, z ϭ 0.5 ϫ log(1 ϩ r/1 Ϫ r)] was performed to improve the normality of the correlation coefficients for parametric statistics to follow.
Evaluation of Within-Subject Reproducibility: DMN
The long-term test-retest reproducibility for each functional connectivity (ie, an element in the generated 16 ϫ 16 connectivity matrix) and each subject across 9 sessions was estimated by the ICC, an ANOVA-based correlation measuring the relative homogeneity within groups in ratio to the total variation. 34 The ICC (proportion of MSBS-MSwS to MSBS) for each functional connectivity element (ICC element ) was calculated with equation 1:
where MS BS is the between-subject mean square and MS WS is the within-subject mean square. MS BS is the between-subject sum of squares divided by its dfs, and MS WS is the within-subject sum of squares divided by its dfs. 
Evaluation of Between-Subject Reproducibility: DMN
The between-subject reproducibility was estimated by the COV, which is indicative of consistency of the data across participants. It is defined as the ratio of the SD () of a set of scores to its mean () and is given by equation 3:
The COV has been used to compare the relative dispersion in 1 set of data with the relative dispersion in another set of data. Previous liter-ature did not provide clear-cut indications of what an acceptable COV would be. However, a COV Ͻ 0.05, 0.1, or 0.2 has been considered acceptable for reproducibility. [36] [37] [38] We, therefore, selected a more commonly used criterion of COV Յ 0.2 in the present study. There was 1 COV value for each connectivity element between brain regions, yielding 120 COV values across 6 subjects and 9 sessions.
Whole-Brain Connectivity Analysis and Evaluation of Within-and Across-Subject Reproducibility
To evaluate the reproducibility of the ICNs for the whole brain, the preprocessed (ie, aligned, bandpass filtered, and normalized) data were segmented into 116 regions by using the automatic anatomic labeling template reported by Tzourio-Mazoyer et al. 39 This parcellation divided the cerebrum into 90 regions (45 in each hemisphere) and the cerebellum into 26 regions (9 in each cerebellar hemisphere and 8 in the vermis), which are listed in On-line Table 1 . Regional mean time series was estimated by averaging the fMRI time series of all voxels in each region. The Pearson correlation coefficients were computed between each pair of brain regions, yielding 116 ϫ 116 correlation coefficients, for each participant in each session. These coefficients were stored in a 116 ϫ 116 matrix with only 6670 [ie, (116 ϫ 115)/2] unique elements, with each element representing the connectivity strength between 2 brain regions. A Fisher r-to-z transformation was then performed to improve the normality of the correlation coefficients. Similar to the reproducibility assessment for the DMN nodes, the ICC and COV were used to quantify the within-and between-subject reproducibility, respectively, of ICNs for the whole brain. There was 1 ICC subject value for each subject, yielding 6 ICC subject values across 6670 connectivity elements and 9 sessions; and there was 1 ICC element value for each connectivity element between brain regions, yielding 6670 ICC element values across 6 subjects and 9 sessions. For the between-subject reproducibility, there was 1 COV value for each connectivity element between brain regions, yielding 6670 COV values across 6 subjects and 9 sessions. Table 1 , for the 53 elements that have outstanding long-term reproducibility, the 95% confidence interval for the ICC element in the whole population was 0.69 -0.98. The mean correlation coefficient of each connectivity element (across subjects and sessions) with 4 different background colors denoting different levels of reproducibility is shown in Fig 1B. For the between-subject reproducibility, only 1 of 120 connectivity elements showed acceptable between-subject reproducibility (ie, COV Ͻ 0.2).
Results
DMN
Whole Brain
The ICC subject value for each subject was 0.92, 0.97, 0.92, 0.89, 0.89, and 0.93, respectively (mean, 0.92 Ϯ 0.03). Among the 6670 connectivity elements, 2864 elements (42.94%) had outstanding within-subject test-retest reproducibility (ie, ICC element Ն 0.8) across 9 sessions: 2400 (35.98%), substantial; 729 (10.93%), moderate; and 677 (10.15%), poor ( Table 2) . As can be seen in Table 2 , for the 2864 elements that have outstanding long-term reproducibility, the 95% confidence interval for the ICC in the whole population was 0.69 -0.98. For the between-subject reproducibility, 929 of 6670 (13.93%) connectivity elements showed acceptable between-subject reproducibility (ie, COV Ͻ 0.2). The ICCs element and COVs of each connectivity element across the whole brain are shown in Fig  2A, -B, respectively.
Discussion
A primary goal of this study was to investigate the long-term test-retest reproducibility of quantitative ICN measures in healthy volunteers across 9 sessions during Ͼ1 year. A second goal was to evaluate the variability of mapping of ICNs across healthy volunteers. We found that within-subject long-term reproducibility is high, and this finding can be applied to a true population at a 95% confidence level. We, therefore, conclude that ICN mapping based on resting-state fMRI has considerable potential for longitudinal monitoring, such as assessing disease progression and/or monitoring treatment effect with time for an individual patient. In contrast to high within-subject reproducibility, our data show that there is significant between-subject variation based on both DMN node analysis and whole-brain analysis. This observation indicates that it will be challenging to use quantitative ICN measures (eg, the correlation coefficients between fMRI signal-intensity profiles from 2 different brain regions) as a diagnostic tool when only data from a single scan session are available. Other quantitative measures derived from graph-theory analysis [40] [41] [42] [43] or hierarchical analysis 44,45 may result in different between-subject reproducibility. This could be examined in further studies.
In our study, the ages of the subjects ranged from 21 to 46 years. It is unclear whether reproducibility is a function of age and whether the between-subject variation might decrease in younger subjects. On one hand, large between-subject variations of quantitative ICN measures suggest ICN mapping might not be suitable for diagnostic classification. On the other hand, when one performs group-level analysis, the high between-subject variations may be useful for identifying the ICNs that are most relevant to different behavioral or phenotypic measures, provided the variance is due to such factors and not to unrelated physiologic and anatomic differences. For example, our group has recently designed a behaviorbased connectivity analysis, in which the between-subject variations of quantitative ICN measures, corresponding to different elements of the connectivity matrix, are correlated with the between-subject variations of the behavioral measures (eg, reaction time in our study). 46 With this approach, we have shown that multiple ICNs connected with the inferior frontal region are relevant to the reaction time in older adults, but less so in younger adults.
There are a few potential limitations in this study. First, the intersession durations were inconsistent within and across the participants in this retrospective study. To assess the impact of intersession duration inconsistency on the calculated fMRI reproducibility, we computed the Pearson correlation coefficients between the individual's test-retest reproducibility (measured by the ICC) and the individual's SDs of the intersession interval across all of the participants. We found that there was no significant correlation between the ICC and the SD of intersession duration for the DMN (r ϭ 0.31, P ϭ .54) and the whole brain (r ϭ 0.18, P ϭ .73), suggesting that the varied intersession duration was not a confounding factor to our assessment of fMRI reproducibility. Second, the subjects closed their eyes during the resting-state fMRI scan; thus, the inconsistency of an uncontrolled mental state among the participants may contribute to between-subject variation in the acquired ICN maps. It has been shown recently that if the subjects are engaged in a simple task (eg, looking at a crosshair) during resting-state fMRI scans, variations in ICN measures may potentially be reduced. 47 Third, fMRI data are degraded by various types of artifacts (including geometric distortions, susceptibility effect-induced signal-intensity loss, and regional pulsation artifacts) and the level of artifacts varies among subjects. Even after performing normalization, we cannot guarantee that every anatomic region of interest is equally well-aligned across subjects. As a result, some of the between-subject variation observed in our study may be related to the inconsistency of the residual artifacts across the participants. Fourth, we believe that the reproducibility may potentially be improved when a more consistent scan setting (eg, section location and shimming) is used in longitudinal fMRI scans. Fifth, there is evidence showing that sex and menstrual cycle may influence functional brain organizations [48] [49] [50] and, potentially, fMRI reproducibility. The effects of sex and menstrual cycle were not investigated because there was only 1 female subject in our study. Finally, the resting-state fMRI reproducibility may potentially be improved by newer reconstruction and statistical procedures that may be developed and available in the future.
Conclusions
We present a longitudinal resting-state fMRI study in healthy volunteers, in which we have evaluated the within-and acrosssubject long-term reproducibility during the approximate duration of a clinical trial. Our data show that quantitative ICN measures derived from resting-state fMRI have a high level of within-subject reproducibility, suggesting that ICN mapping may be an appropriate tool for longitudinal monitoring of disease progression or treatment effects. In contrast, considerable between-subject variation in these measures suggests that they may not be suited for clinical diagnosis/classification. The latter may reflect limitations of the current state of this technology or significant intrinsic physiologic variability of the resting-state itself between subjects. Further studies assessing the reproducibility of resting-state fMRI in patients with various disease states, as well as the effect size of disease progression, will be needed to determine whether the fMRI-based connectivity mapping can serve as a biomarker for therapeutic monitoring in clinical trials and individual patients. Within-subject test-retest reproducibility (A) and between-subject reproducibility (B) of the inter-regional correlation coefficients among the 116 regions of the whole brain. In this 116 ϫ 116 square matrix, the x-and y-axes represent the 116 regions of the whole brain listed in On-line Table 1 , and each matrix element indicates the link between a pair of listed brain regions. For example, the element marked by a red circle (ie, x ϭ 31, y ϭ 68) represents a link between the left anterior cingulate gyrus and the right precuneus. A, Each matrix element shows the level of within-subject reproducibility, measured by the ICC, of an inter-regional link. Note that Ͼ78% of the elements have outstanding or substantial within-subject test-retest reproducibility. B, Each element shows the level of between-subject reproducibility, measured by the COV. Less than 14% of the elements have acceptable between-subject reproducibility.
